The genes norCBQD that encode the bc-type nitric oxide reductase from Bradyrhizobium japonicum USDA110 have been isolated and characterized. norC and norB encode the cytochrome c-containing subunit II and cytochrome b-containing subunit I of nitric oxide reductase, respectively. norQ encodes a protein with an ATP/GTP-binding motif, and the predicted norD gene product shows similarity with NorD from other denitrifiers. Mutational analysis indicates that the two structural norC and norB genes are required for microaerobic growth under nitrate-respiring conditions. A mutant strain lacking a functional norC gene also lacked the 16 kDa c-type cytochrome that is normally detectable by haem-staining of proteins from membranes of microaerobically grown wild-type cells. Expression of a transcriptional fusion of the nor promoter region to the reporter gene lacZ (P norC -lacZ) was not detected in aerobically grown cells of USDA110, but the fusion was induced threefold when the cells were cultured under microaerobic conditions (1 % O 2 ) with either nitrite or nitric oxide, and about 18-fold when nitrate was the N oxide present in the medium. The P norC -lacZ fusion was not expressed in the B. japonicum fixK 2 mutant strain 9043, but complementation of the mutant with the fixK 2 gene restored β-galactosidase activity to levels similar to those found in the parental strain. The promoter region of the norCBQD genes has been characterized by primer extension. A major transcript initiates 455 bp downstream of the centre of a putative binding site for the transcription factor FixK 2 .
INTRODUCTION
Denitrification is the biological process in the biogeochemical nitrogen cycle by which nitrate (NO − $ ) is sequentially reduced to dinitrogen gas (N # The GenBank accession number for the B. japonicum norCBQD genes reported in this paper is AJ132911.
vation, which permits cell growth under oxygen-limited conditions. The two-electron reduction of NO to N # O involves formation of an N-N bond, a reaction catalysed by a nitric oxide reductase. Participation of this enzyme in denitrification by Pseudomonas stutzeri and Paracoccus denitrificans was confirmed only after deletion of the corresponding genes and demonstration that the resulting mutants were unable to denitrify because of the accumulation of toxic NO (Zumft et al., 1994 ; de Boer et al., 1996) . Nitric oxide reductase has been purified from different sources and shown to be an heterodimeric membrane-bound protein (for reviews see Zumft, 1997 ; Baker et al., 1998 ; Watmough et al., 1999 ; Hendriks et al., 2000) . A singlecomponent nitric oxide reductase composed of the haem IP: 54.70.40.11
On: Sun, 16 Dec 2018 02:17:55 S. Mesa and others b moiety and an amino terminal peptide extension has been isolated from Ralstonia eutropha (formerly Alcaligenes eutrophus) (Cramm et al., 1999) . The norB gene product of Synechocystis sp. strain PCC6803 also belongs to the quinol-oxidizing single-subunit class of nitric oxide reductases (Bu$ sch et al., 2002) . Cytochrome cb-nitric oxide reductase is encoded by the norCBQ operon in Pse. stutzeri (Zumft et al., 1994) and Pseudomonas aeruginosa (Arai et al., 1995) . In Par. denitrificans, the nor operon consists of six genes, norCBQDEF (de Boer et al., 1996) , and is formed by five genes in Rhodobacter sphaeroides (Bartnikas et al., 1997) . A duplicated gene, norB1 and norB2 (formerly norZ), encoding two independent, isofunctional nitric oxide reductases has been found in Ral. eutropha (Cramm et al., 1997) . Sequence analysis of the nor genes has revealed that norB has sufficient sequence similarity to terminal oxidases to include nitric oxide reductase within the family of haem-copper oxidases (Hendriks et al., 2000 and references therein) .
Species of the family Rhizobiaceae are Gram-negative soil bacteria with the unique ability to establish a N # -fixing symbiosis with legumes (Amarger, 2001) . Denitrification within this family is rare, and only a few species have been reported to grow under oxygen-limited conditions in the presence of nitrate or nitrite as a terminal electron acceptor (O'Hara & Daniel, 1985) . Among the Rhizobiaceae, cells of Bradyrhizobium japonicum have been shown to assimilate and denitrify "&NO− $ simultaneously to "&NH+ % and "&N # , when cultured anaerobically with nitrate as the only source of nitrogen (Vairinhos et al., 1989) .
The coding properties and the genetic organization of the B. japonicum USDA110 norCBQD genes and a phenotypic analysis of norC and norB mutants are described in this paper. Sequence analysis suggests that the nor gene cluster consists of four ORFs, the first two of which are the nor structural genes. The protein encoded by this cluster is closely related to the respiratory nitric oxide reductases from other denitrifiers. Regulatory studies indicate that a P norC -lacZ fusion is induced under microaerobic conditions, but that nitrate is required for maximal expression. norCBQD is a regulated gene cluster in B. japonicum, and its expression seems to be dependent on the fixLJ-fixK # regulatory cascade.
METHODS
Bacterial strains and growth conditions. B. japonicum USDA110 (US Department of Agriculture, Beltsville, MD) and B. japonicum 110spc4 mutant derivatives fixL 7403 and fixJ 7360 (Anthamatten & Hennecke, 1991) , and fixK # 9043 (Nellen- Anthamatten et al., 1998) were used in this study. Peptone-salts-yeast extract medium (PSY, Regensburger & Hennecke, 1983) was used for routine aerobic cultures of B. japonicum, whereas yeast extract-mannitol (YEM) medium (Vincent, 1974) supplemented with 10 mM KNO $ was used for microaerobic B. japonicum cultures. Microaerobic cultures were kept at 28 mC under a gas mixture consisting of 1 % O # and 99 % Ar (v\v) in rubber-stoppered serum bottles, and the gas was periodically replaced (approx. every 12 h) by flushing the bottles with the same gas mixture. Antibiotics were added to B. japonicum cultures at the following concentrations (µg ml − ") : kanamycin, 180 ; spectinomycin, 200 ; streptomycin, 200 ; tetracycline, 100. Escherichia coli strains were cultured in Luria-Bertani (LB) medium (Miller, 1972) at 37 mC. E. coli DH5α (Stratagene) was used as host in standard cloning procedures and for the production of double stranded DNA sequencing templates. E. coli S17-1 (Simon et al., 1983) served as the donor in conjugative plasmid transfer. The antibiotics used were (µg ml − ") : ampicillin, 200 ; tetracycline, 10 ; chloramphenicol, 10 ; streptomycin, 20 ; spectinomycin, 20.
DNA manipulation and sequencing. Chromosomal and plasmid isolations, restriction enzyme digestions, agarose gel electrophoresis, ligations and E. coli transformations were performed according to standard protocols (Sambrook et al., 1989) . A B. japonicum USDA110 cosmid library was screened by DNA-DNA hybridization with the 2n1 kb SalI fragment in plasmid pPNIR3E, which carries a major internal portion of the Par. denitrificans norC and norB genes (de Boer et al., 1996) . Hybridizations were performed with digoxigenindUTP-labelled probes (Roche) and the chemiluminescence method was used to detect hybridization bands. A cosmid was thus identified containing B. japonicum cloned DNA, and 4n3 and 4n1 kb EcoRI fragments showing homology with the probe were subcloned in plasmid pBluescript KS + (Stratagene), resulting in plasmids pJNOR43 and pJNOR41, respectively ( Fig. 1) . DNA was sequenced on both strands by using pBluescript-specific primers and the Sanger dideoxy chain termination method. The sequencing reactions were analysed in a DNA sequencer (model 373 Strecht and dye primers from Applied Biosystems). To fill gaps, specific synthetic oligonucleotides complementary to the internal sequences were used as primers. Computer-assisted DNA and protein sequence analyses were performed by using the Genetics Computer Groups (University of Wisconsin) software packages. Homology searches were performed by using the National Center for Biotechnology Information  network server (http :\\www.ncbi.nlm.nih.gov\\).
Transcript analysis. Transcripts of nor genes were analysed by primer extension. Fifty millilitres of cells was collected into chilled tubes, pelleted and processed for RNA isolation as previously described (Nienaber et al., 2000) . Primer extension was performed with the following primer : 5h-TCTTCTCCC-AGACATGCTTGCCGC-3h, which is complementary to positions 432 to 456 of the norCBQD sequence. Sixty picomoles of the primer was labelled with 10 U T4 polynucleotide kinase and 80 µCi (2n96 MBq) [γ-$#P]ATP in a total volume of 17 µl. About 10& c.p.m. labelled primer was hybridized to 20 µg total RNA overnight at 30 mC. Primer extension was carried out with avian myeloblastosis virus reverse transcriptase. Electrophoresis of cDNA products was done in a urea-polyacrylamide sequencing gel to separate the reaction products, and dry gels were exposed to X-ray film and visualized. RNA was isolated from B. japonicum USDA110 grown under 1 % O # supplemented or not with 10 mM KNO $ .
Construction of norC and norB mutants. Selected genes were mutated by performing gene-directed mutagenesis using plasmid pUC4-KIXX-aphII-PSP (Ku$ ndig et al., 1993) . Construction of a norC mutant was accomplished by cloning the 1n8 kb SmaI fragment of pUC4-KIXX-aphII-PSP, which contains the aphII gene encoding kanamycin resistance, into the MluNI site in the 4n3 EcoRI fragment of plasmid pJNOR43 harbouring the entire B. japonicum USDA110 norC and the 5h end of the norB genes ( Fig. 1) , to give plasmid pJNOR43M1. The 6n1 kb EcoRI fragment from pJNOR43M1 was further subcloned into the EcoRI site of pSUP202 (Simon et al., 1983) to generate plasmid pJNOR43M2 (data not shown). To construct a norB mutant, the 1n8 kb SmaI fragment of pUC4-KIXX-aphII-PSP was first cloned into the NcoI site of pJNOR41 ( Fig. 1) to yield plasmid pJNOR41V1. Finally, the EcoRI fragment from pJNOR41V1 was subcloned into the EcoRI site of pSUP202 producing plasmid pJNOR41V2 (data not shown). Plasmids pJNOR43M2 and pJNOR41V2 were transferred via conjugation into B. japonicum USDA110 using E. coli S17-1 as donor. Transconjugants were selected for kanamycin resistance, and further screened for tetracycline sensitivity to exclude cointegrates. The correct genomic structure of all mutant strains was confirmed by Southern blot analysis of genomic DNAs. Mutant derivatives norC GRC131 and norB GRB993 were obtained that have been used in this study.
Construction of a P norC -lacZ fusion. To construct a transcriptional fusion of the nor promoter region to the reporter gene lacZ, P norC -lacZ, the 4n3 kb EcoRI fragment from pJNOR43 containing the norC promoter region was subcloned into the EcoRI site of pMP220 (Spaink et al., 1987) yielding plasmid pNORLZ (Fig. 1) . The correct orientation of the construction was confirmed with BamHI\MluNI digests. To monitor norCB expression, pNORLZ was used to transform E. coli S17-1, and then transferred via conjugation into B. japonicum strains USDA110, 7403, 7360 and 9043.
Analytical methods. For determination of β-galactosidase activity, cells were grown aerobically in YEM medium, collected by centrifugation (7650 g, 10 min at 4 mC), washed twice with liquid YEM, and finally incubated aerobically and microaerobically in the same medium supplemented with KNO $ , KNO # or sodium nitroprusside (SNP), an NO + -generating agent (Bates et al., 1991) . Before addition of N oxides, cultures were incubated for 24 h to permit the cells to lower the O # concentration. Initial OD '!! of the cultures was about 0n2. Cells were incubated until the OD '!! was higher than 0n4. β-Galactosidase activities were determined with permeabilized cells from at least three independently grown cultures as previously described (Miller, 1972) . Cells removed from stoppered flasks were not kept microaerobic but were used immediately for assays. All media and materials used for incubation were sterilized at 120 kPa and 110 mC for 30 min before use.
Complementation tests with B. japonicum 9043. To demonstrate a role for the FixK # protein in the regulation of nitric oxide reductase expression, complementation experiments were carried out with the fixK # mutant strain B. japonicum 9043. For homologous complementation experiments, plasmids pNORLZ and pBBRK # were introduced by conjugation into strain 9043, and β-galactosidase transcriptional assays were done. Plasmid pBBRK # was constructed by cloning the 1n85 kb BamHI-SalI fragment (fixK # ) from pRJ9044 (Nellen- Anthamatten et al., 1998) into BamHI\SalI digested pUC18 (Yanisch-Perron et al., 1985) . Then, the 1n85 kb KpnI-SalI fragment (fixK # ) from pUC18 was cloned into KpnI\SalI digested pBBR1MCS-2 (Kovach et al., 1994) resulting in plasmid pBBRK # .
Analysis of haem proteins. Cell fractionation, protein gel electrophoresis and haem staining were performed as indicated earlier (Fischer et al., 2001) . Essentially, cells of B. japonicum were disrupted by passage through an ice-cold French pressure cell at about 120 MPa. Unbroken cells were removed by centrifugation (10 000 g for 10 min at 4 mC).
Membranes were prepared by further centrifugation of the supernatant at 140 000 g for 2 h at 4 mC. The membrane pellet was washed once with 50 mM sodium phosphate buffer (pH 7n0), resuspended in loading buffer and electrophoresed on a SDS-12 % polyacrylamide gel at 4 mC. Proteins were transferred to a nitrocellulose filter and stained for haemdependent peroxidase activity by chemiluminescence as described previously (Vargas et al., 1993) . Protein concentration was estimated by using the Bio-Rad assay with BSA as the standard.
RESULTS AND DISCUSSION

Isolation and sequencing of the norCBQD genes
To isolate genes encoding respiratory nitric oxide reductase, the 2n1 kb SalI fragment in pPNIR3E containing a major internal portion of the Par. denitrificans norCB genes was used as a probe to screen a cosmid library of B. japonicum USDA110 chromosomal DNA.
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Several rounds of isolation and purification yielded a single cosmid that hybridized to the probe, and 4n1 and 4n3 kb EcoRI fragments were subcloned to obtain plasmids pJNOR41 and pJNOR43, respectively (Fig. 1) . (Zumft et al., 1994) , Pse. aeruginosa (Arai et al., 1995) , Par. denitrificans (de Boer et al., 1996) , Pseudomonas halodenitrificans (Sakurai & Sakurai, 1997) , Rho. sphaeroides (Bartnikas et al., 1997) , Pseudomonas sp. G-179 (Bedzyk et al., 1999) and Alcaligenes faecalis (Kukimoto et al., 2000) (data not shown). Hydrophobicity plots and secondary structure predictions for NorC indicated a single membrane-spanning N-terminal α-helix structure. The amino acid sequence '#CINCHT'( is homologous to the sequence Cys-X-X-Cys-His-X, suggesting that NorC is a cytochrome c-binding protein. The NorB protein contains 12 membrane-spanning α-helices, with the N and C termini on the cytoplasmic side.  searches also showed that NorB has overall similarity to subunit I (FixN) of cbb $ -type oxidases from various bacteria (Hendriks et al., 2000) . The N-terminal region of NorQ contains the sequence %"GPTGCGKT%) which conforms to the ATP\GTP binding motif (Walker et al., 1982 ; Yoshida & Amano, 1995) ; the protein does not have any distinct hydrophobic region and does not contain a signal sequence, suggesting a cytoplasmic location. A helix-turn-helix motif reported to be present in NorQ from Pse. stutzeri (Ju$ ngst & Zumft, 1992) has not been identified in B. japonicum USDA110 NorQ. NorD has no apparent structural motifs, no hydrophobic regions and no signal sequence, suggesting a cytoplasmic location. All these results indicate that the enzyme encoded by the structural norCB genes is a cytochrome bc-containing nitric oxide reductase closely related to nitric oxide reductases from other denitrifiers. The products of the norQ and norD genes have unknown functions. These two genes are required for the synthesis of an active enzyme in Par. denitrificans (de Boer et al., 1996) and Rho. sphaeroides (Bartnikas et al., 1997) . In Pse. stutzeri, the norQ homologue, which is called nirQ, has been involved in some aspects of enzyme assembly, and its mutation results in an inactive nitric oxide reductase complex (Ju$ ngst & Zumft, 1992) .
Mutational analysis of norB and norC
To confirm the function of the norC and norB gene products in nitrate metabolism, each gene was inactivated by performing mutagenesis using plasmid pUC4-KIXX-aphII-PSP. In contrast to B. japonicum USDA110, cells of mutant strains norC GRC131 and norB GRB993 did not grow microaerobically with either nitrate or Each lane contains about 25 µg membrane proteins. Haemstained c-type cytochromes identified previously (Preisig et al., 1993) are indicated on the right. Apparent molecular masses of the proteins are shown at the left margin.
nitrite as a terminal electron acceptor. Proteins from the membrane fraction of wild-type and mutant strains were separated by SDS-PAGE and stained for covalently bound haem proteins. Six stained bands of 32, 28, 25, 24, 20 and 16 kDa were detected (Fig. 2, lane 1) . The proteins of 28 and 20 kDa have been identified previously as the B. japonicum aerobic, membrane-bound c-type cytochromes c " (28 kDa) and CycM (20 kDa) (Tho$ ny- Meyer et al., 1989 ; Bott et al., 1991) . As described by Preisig et al. (1993) , there is even a seventh protein of 28 kDa co-migrating with cytochrome c " . This 28 kDa protein and the 32 kDa c-type cytochrome have been identified as the B. japonicum FixP and FixO proteins, respectively, of the cbb $ -type high-affinity cytochrome oxidase encoded by the fixNOQP operon (Preisig et al., 1996) . The identity of the 16, 24 and 25 kDa proteins is not known. A haem-stainable band of approximately 16 kDa, which is very prominent in microaerobic wild-type membranes, was absent in the norC mutant GRC131 (Fig. 2, lanes 1 and 3, respectively) , which identifies this protein as the NorC component of B. japonicum USDA110 nitric oxide reductase enzyme. The norB mutant GRB993 showed the same pattern of haem-stained proteins as the wild-type (Fig. 2,  lane 2) . The concentration of NorC in the norB mutant was lower than in the parental strain (Fig. 2, lanes 1 and  2, respectively) . Whether NorC is required for assembly or stability of NorB is not known.
Analysis of the promoter region
Inspection of the DNA sequence (Fig. 3b) codon of norC there is a sequence, 5h-TTGCG-N % -GACAA-3h, similar to the recognition motif for the FNR (fumarate and nitrate reductase regulator) and FixK-like family of transcriptional activators. The sequence has 6 out of 10 matches with the FNR consensus sequence, 5h-TTGAT-N % -ATCAA-3h (Spiro, 1994) , and 7 out of 10 matches with the FixK consensus sequence, 5h-TTGAT-N % -GTCAA-3h (Fischer, 1994 ; Zumft, 1997) . Computer searches revealed no other totally conserved recognition motifs in the promoter region.
B. japonicum norCBQD genes
Primer-extension analysis using total RNA isolated from microaerobically grown B. japonicum USDA110 revealed the presence of a transcriptional start site that initiates at G #%% , 35 nt upstream of the putative translational start codon (Fig. 3a) . From three independent assays, densitometric analysis of the gels showed that levels of cDNA obtained after extension with the norC primer were three-to fourfold higher in nitrate-respiring cells than in those that were incubated microaerobically in the absence of nitrate (Fig. 3a, lanes 2 and 1,  respectively) . The region homologous to the FNRbinding domain is centred 45n5 bp upstream of the transcriptional start site (Fig. 3b) . This is an unusual spacing for a nor promoter since the Pse. stutzeri (Zumft et al., 1994) , Rho. sphaeroides (Bartnikas et al., 1997) and Par. denitrificans (Hutchings & Spiro, 2000) nor promoters have their respective factor binding site centred at 41n5-43n5 bp upstream of the transcriptional start site. Other denitrification genes, however, have their FNR boxes centred at positions k40 to k50 relative to the transcriptional start (reviewed by Zumft, 1997) . Thus, it is possible that the promoter of the B. japonicum nor genes is also a class II promoter whose expression under low oxygen conditions is activated by an FNR protein (Wing et al., 1995) .
Expression of the nor genes
To study the regulation of nor expression, a P norC -lacZ fusion was constructed and transferred by conjugation into the wild-type B. japonicum USDA110 and the mutant strains fixL 7403, fixJ 7360 and fixK # 9043. Since the mutant strains did not grow microaerobically with nitrate, cells of the parental and mutant strains were grown first in YEM medium and further incubated aerobically and microaerobically (1 % O # ) in the same (Fig. 3a) .
Only basal rates of β-galactosidase activity were detected in cells of strains 7403, 7360 and 9043 containing the P norC -lacZ fusion (Table 1) , which suggests that expression of nor genes is under control of the FixLJ-FixK # regulatory cascade. FixLJ is a two-component regulatory system consisting of the haem-based sensor kinase FixL and the FixJ response regulator (Tuckerman et al., 2001 , and references therein). The only known target of FixJ in B. japonicum is fixK # , which encodes the FNRtype transcription activator protein FixK # . A possible regulatory role for FixK # in nitrate respiration was first suggested after observation that B. japonicum fixLJ (Anthamatten & Hennecke, 1991) and fixK # mutants (Nellen- Anthamatten et al., 1998) were unable to grow microaerobically with nitrate as the sole nitrogen source. That FixK # is involved in regulation of nor expression was confirmed when values of β-galactosidase activity in the fixK # deficient mutant were restored to levels similar to those found in the parental strain after complementation with a plasmid borne fixK # gene (Table 1) . FixK # has been shown to activate genes required for synthesis and activity of a cbb $ -type terminal oxidase (fixNOQP, fixGHIS) which supports microaerobic respiration (Nellen-Anthametten et al., 1998) , genes for a symbiotic uptake hydrogenase (Durmowicz & Maier, 1998) , two hemN genes encoding an oxygen-independent coproporphyrinogen III oxidase (Fischer et al., 2001 ) and the nirK gene encoding a respiratory nitrite reductase ). As mentioned above, the presence of a putative FNR box upstream of norC lends support to nor genes being regulated by FixK # .
Besides microaerobiosis, nitrate, or a derived N oxide, was required for maximal expression of β-galactosidase activity. Values of activity in cells incubated with nitrate as an oxidant were about 115 000 Miller units (mg protein) −" (Table 1) , approximately 2n3-fold higher than those found when either nitrite or SNP was used as the final electron acceptor (data not shown). NO, or a chemical species related to NO, has been shown to be a signal molecule for the coordinated activation of the nor and nir operons in Rho. sphaeroides (Kwiatkowski & Shapleigh, 1996 ; Tosques et al., 1996) , Par. denitrificans (van Spanning et al., 1999) , Pse. aeruginosa (Arai et al., 1999) and Pse. stutzeri (Vollack & Zumft, 2001) . Because nitrite and NO are cytotoxic compounds, 100 µM KNO # and 10 µM SNP were first determined in control experiments to elicit maximal expression of β-galactosidase activity (data not shown). Thus, lower levels of β-galactosidase activity in cells with nitrite or SNP cannot be attributed to the presence of those N oxides. The smaller effect of nitrite and SNP, compared to nitrate, may reflect differences either in the amount of NO that is produced from the different compounds or in the concentration of NO that is present inside the cells. Although the effector molecule used for activation of the B. japonicum USDA110 nor genes cannot be identified from the present results, NO could be a signal candidate. This suggestion is based on results showing the formation of nitrosyl adducts of FixL (Gilles-Gonzalez et al., 1995 ; Rodgers et al., 2000) , which indicates that NO may be a physiologically relevant ligand for FixL. Transcriptional activation of nor genes is under the On: Sun, 16 Dec 2018 02:17:55 B. japonicum norCBQD genes control of NNR (nitrite and nitric oxide reductase regulator) and FnrP in Par. denitrificans (van Spanning et al., 1995) , NnrR in Rho. sphaeroides (Tosques et al., 1996) , DNR (dissimilatory nitrate respiration regulator) in Pse. aeruginosa (Arai et al., 1997) and DnrD in Pse. sutzeri (Vollack et al., 1999 ). Yet the existence of an N oxide sensitive regulator has not been reported in B. japonicum.
